Diffraction-managed solitons and nonlinear beam diffusion 
in modulated arrays of optical waveguides 
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We study propagation of light in nonlinear diffraction-managed photonic lattices created with 
arrays of periodically-curved coupled optical waveguides which were fabricated using femtosecond 
laser writing in silica glass, and titanium indiffusion in LiNbOs crystals. We identify different 
regimes of the nonlinear propagation of light beams depending on the input power, and present the 
first experimental observation of diffraction-managed solitons^ which are formed as a result of the 
interplay between the engineered beam diffraction and nonlinear self-focusing or defocusing. We 
observe that in self-collimating structures where linear diffraction is suppressed, a novel regime of 
nonlinear beam diffusion takes place at the intermediate powers before the lattice soliton is formed 
at higher powers. 
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Propagation of light in dielectric media with a 
periodically- varying refractive index is known to demon- 
strate many novel features in both linear and nonlinear 
regimes [1]. Over the recent years, different types of 
periodic photonic structures, including arrays of evanes- 
cently coupled optical waveguides, optically-induced lat- 
tices in photorefractive materials, and photonic crystals, 
have been employed to engineer and control the funda- 
mental properties of light propagation. In particular, 
the idea to control the light spreading through diffrac- 
tion management [2] has attracted a special attention. It 
was shown that both magnitude and sign of the beam 
diffraction can be controlled in periodic photonic struc- 
tures. For example, diffraction can be made negative al- 
lowing for focusing of diverging beams [3] , or it can even 
be suppressed leading to the self-collimation effect when 
the beam width does not change over hundreds of the 
free-space diffraction lengths . Self-collimation of light 
beams was also demonstrated in arrays of periodically 
curved optical waveguides [i,[i,[l3. Recently, the con- 
cept of the broadband diffraction management of super- 
continuum light has been introduced for the modulated 
waveguide arrays with special axes bending profiles Q, 
suggesting novel opportunities for the manipulation of 
polychromatic light beams and patterns. 

The combination of tailored diffraction characteris- 
tics and light self-action opens new possibilities for the 
power-controlled beam shaping and switching in nonlin- 
ear photonic structures, enabling dynamical tunability 
of photonic devices. Various schemes for active beam 
control based on the special properties of narrow self- 
localized beams in straight waveguide arrays, called dis- 
crete spatial solitons, have been suggested and demon- 



strated 0, 0, [13] . It was suggested theoretically, that soli- 
tons can also exist in diffraction-managed lattices [ll|, [l2[ 
in the regime when beam exhibits effectively averaged 
diffraction. 

Recently, self-action of narrow light beams in 
diffraction-managed periodically curved nonlinear waveg- 
uide arrays has been analyzed beyond the applicability of 
averaging procedures, and novel dynamical regimes have 
been identified depending on the input power p^]. In 
particular, it was predicted that in periodically curved 
waveguide arrays [such as sketched in Fig. [Iff )] with can- 
celed effective diffraction transition from the regime of 
self-collimation, at low powers, to that of the discrete 
self-trapping and formation of the diffraction-managed 
lattice solitons, at high powers, should occur through the 
intermediate regime of the nonlinear beam diffusion, as 
shown in Fig. [TJf)-(k). This is in a sharp contrast to 
the monotonous beam self-focusing which takes place in 
straight waveguide arrays as the input power increases, 
see Fig. [Ha)-(e). However, nonlinear beam self-action 
in diffraction-managed lattices have not yet been stud- 
ied experimentally, and no type of diffraction-managed 
solitons have been observed in experiment in photonic 
lattices so far. 

In this work we present, to the best of our knowledge, 
the first experimental observation of nonlinear beam dif- 
fusion and formation of diffraction-managed solitons in 
diffraction-managed photonic lattices created with arrays 
of periodically-curved evanescently coupled nonlinear op- 
tical waveguides. We have fabricated curved waveguide 
arrays in fused silica using the femtosecond laser writ- 
ing technique. Details of the writing procedure, which 
was performed using a Mira/RegA (Coherent) system. 
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FIG. 1: Numerical simulations of beam propagation in straight [top] and periodically-curved [bottom] nonlinear waveguide 
arrays. (b,c,d) Discrete diffraction, beam self-focusing, and lattice soliton in (a) straight array. (g,h,j) Self-collimation, nonlinear 
beam diffusion, and diffraction-managed soliton in (f) curved array. (e,k) Output beam width vs. the input power for straight 
and curved arrays. Points 'b', 'c', 'd' and 'g', 'h', 'j' correspond to the input powers in (b), (c), (d) and (g), (h), (j), respectively. 
Input power is normalized to the power of the lattice soliton in the straight array. Coupling strength and propagation distance 
are the same as in Figs. [IJa) andlS^a). 



can be found elsewhere [16]. We created waveguide ar- 
rays with a sinusoidal axis bending profile of the form 
xo(^) = A{cos [27rz/L] — 1}, where xo(2;) is the trans- 
verse lattice shift as a function of the propagation dis- 
tance z which determines the lattice modulation, A and 
L are the waveguide axes bending amplitude and pe- 
riod, respectively. When the bending amplitude A is 
such that 27rcc;A/L = ^, where uj is the normalized fre- 
quency and £ 2 AO is the first root of the Bessel func- 
tion Jo [H, [m , the effective beam diffraction is canceled 
after the propagation over each bending period, and the 
beam experiences periodic self-collimation with the pe- 
riod L, in close analogy to the dynamical localization of 
charged particles in ac electric fileds [l3|. Normalized 
frequency is a; = 27rnod/A, where A is the vacuum wave- 
length, no is the average refractive index of the medium, 
and d is the spacing between the centers of the adjacent 
waveguides. In our experiments, we used samples with 
four different waveguide spacings, d = 34 /im, 36 /im, 
38 /im and 40 /im. The waveguide bending amplitudes 
where chosen to satisfy the self-collimation condition, 
A= 104 /im, 98 /im, 93 /im, and 88 /im, respectively. 
Each sample consisted of 13 waveguides with elliptical 
transverse cross-section with the diameters of approxi- 
mately 4x13 /im [16], and was L= 105 mm long. 

For each of the curved waveguide arrays we have also 
fabricated a straight counterpart of the same length, and 
first characterized linear diffraction and nonlinear focus- 
ing in the straight samples. As we increased the in- 



put power, we observed monotonous beam self- focusing 
and formation eventually of a single-site lattice soliton at 
some threshold power [17] [see Fig.[2ja)-(c)]. The soliton 
power was lower for the samples with higher waveguide 
spacing, for which the coupling between the waveguides 
is weaker [see Fig. [2fc) and Fig. HJ^a)]. 

Next, we studied propagation of light beams in the 
curved waveguide arrays for different input laser pow- 
ers. At low powers, in the essentially linear propagation 
regime, we observed dynamical self-collimation of light 
in the curved waveguides, similar to the previous exper- 
iments [HI, Q . We observed that at the output facet of 
the arrays all the light was collected back into the same 
single waveguide in which it was injected initially at the 
input [see Figs. [3^ a) and (b), top]. 

When the power of the input beam was increased, we 
observed nonlinear beam diffusion in the excellent agree- 
ment with the theoretical predictions [l5| . The beam ex- 
perienced self-defocusing and significant broadening [see 
Figs. [3l^a) and (b), central images] as nonlinearity de- 
stroyed the self-collimation condition by changing the re- 
fractive index of the waveguide material. This beam self- 
defocusing is, however, intrinsically limited because the 
linear discrete diffraction is fully suppressed in the curved 
waveguide arrays with the bending amplitude which sat- 
isfies the self-collimation condition. After propagation 
over some distance the beam broadens and its intensity is 
reduced accordingly. Therefore, the further beam spread- 
ing stops when the average beam width achieves a cer- 



3 



Straight waveguide array, d = 34 |Lim 




100 200 300 

Input Power, mW 



FIG. 2: (a,b) Output beam profiles as a function of tiie input 
power measured in straight fs laser written waveguide arrays 
with waveguide spacing 34 /xm and 40 /xm. (c) Output beam 
width vs. the input power. Circles correspond to (a), triangles 
correspond to (b). Wavelength is A = 800 nm. 

tain value. Such a peculiar nonlinear beam dynamics, 
which we observed here for the first time, has no analo- 
gies in bulk media [l^ or in discrete systems [l| analyzed 
before, where the beam experiences either monotonous 
self-focusing or defocusing depending on the type of the 
nonlinearity [compare Fig. [3] with Fig. [2]. 

Then, at higher input powers, nonlinear self-trapping 
of the beam to a single lattice site eventually oc- 
curred, what we believe to be the first ever experi- 
mental observation of diffraction-managed solitons [see 
Figs. [3l^a) and (b), bottom]. We observed, in the well 
agreement with the theoretical predictions [15], that 
the power required for the formation of the diffraction- 
managed solitons in curved waveguide arrays was more 
than two times higher than the power of lattice solitons in 
exactly the same but straight waveguide arrays [compare 
Fig.[3Kc) with Fig.[2l^c), and also see Figs.gl^a) and (b)]. 
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FIG. 3: (a,b) Output beam profiles as a function of the input 
power measured in curved fs laser written waveguide arrays 
with waveguide spacing 34 /xm and 40 /xm. (c) Output beam 
width vs. the input power. Circles correspond to (a), triangles 
correspond to (b). Wavelength is A = 800 nm. 

Error bars in Figs. [11(a) and (b) represent uncertainty 
caused by the laser power step which we used in our mea- 
surements. However, there is also an additional uncer- 
tainty in the determination of the exact power at which 
the soliton is formed caused by the slowly dissipating ra- 
diation in our relatively short samples, which is very dif- 
ficult to account for quantitatively. In Fig. HJc) one can 
see that the beam broadening in the regime of the nonlin- 
ear diffusion is less for the waveguide arrays with higher 
waveguide spacing, for which the coupling strength be- 
tween the adjacent waveguides is lower. Also, the max- 
imum observed nonlinear beam broadening is less than 
the theoretical predictions of the discrete model. This is 
because??? 

When only one waveguide is excited at the input, the 
light evolution should be fully equivalent for both positive 
and negative nonlinearities in the framework of the tight- 
binding model ll, 0] . In order to confirm that the effect 
of the nonlinear beam diffusion takes place in diffraction- 
managed waveguide arrays with both focusing and defo- 
cusing nonlinearity [l5[, we have also fabricated curved 
waveguide arrays by titanium indiffusion in a 50 mm long 
X-cut mono-crystal LiNbOs, which exhibits defocusing 
photorefractive nonlinearity. Similar to the case of fo- 
cusing nonlinearity in silica glass, we have also observed 
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FIG. 4: (a,b) Power Po of the lattice soliton in straight waveg- 
uide arrays, and critical power r cr required for the formation 
of diffract ion- managed solitons in curved waveguide arrays, 
as a function of the waveguide spacing d. Diamonds with er- 
ror bars and circles connected with solid lines represent data 
measured experimentally and calculated theoretically, respec- 
tively. In (b) powers of the diffraction-managed solitons in 
curved arrays are normalized to the powers of the lattice soli- 
tons in the straight arrays with the same waveguide spac- 
ing, (c) Diamonds and circles show maximum nonlinear beam 
broadening measured experimentally and calculated theoret- 
ically, respectively, for the waveguide arrays with different 
waveguide spacing d. 
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FIG. 5: (a) Output beam profile as a function of the input 
power measured in curved LiNbOa waveguide array, (b) Out- 
put beam width vs. the input power. Wavelength is A = 
532 nm. 



that as the input power is increased, the self-collimation 
regime is destroyed, and the nonlinear beam diffusion 
takes place, after which the nonlinear beam self-trapping 
occurs at higher powers. In Fig. [5] an example of such 
a nonlinear dynamics is shown for the curved LiNbOs 
waveguide array which consisted of the two sections each 
L= 25 mm long, with the waveguide spacing d= 14 jam 



and the bending amplitude A= 24.5 jam. The bending 
amplitude had opposite signs in the two successive ar- 
ray segments in order to improve the symmetry of the 
output beam profiles, as suggested originally in [t^. We 
have checked using numerical simulations of the parabolic 
equations for the electromagnetic field that quite strong 
radiation which is visible in Fig. [5ja) is not a result of 
the beam scattering in the curved waveguide array, but 
it is rather caused by the excitation of high order modes 
in the waveguides. 

In conclusion, we have observed experimentally, for 
the first time, nonlinear beam diffusion and formation 
of diffraction-managed solitons in periodically-curved ar- 
rays of coupled optical waveguides with fully suppressed 
effective linear diffraction for both focusing and defo- 
cusing types of nonlinearity. These regimes are funda- 
mentally different from the nonlinear beam self-focusing 
or self-defocusing in a bulk medium, or discrete self- 
trapping of light in arrays of straight waveguides. We 
also confirmed experimentally, that the critical power 
required for the formation of lattice solitons in curved 
waveguide arrays is several times higher than the soliton 
power in straight waveguide arrays. Our results pave the 
way for the creation of functioning nonlinear devices for 
all-optical manipulation of light. 
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